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A new soft ground improvement method is proposed combined with soil–cement columns and prefabricated vertical drains (PVDs) to increase
the bearing capacity and to accelerate the consolidation process of soft soil. A series of centrifugal modeling tests is conducted on an embankment
on a composite foundation, combined with soil–cement columns and PVDs. The effects of column spacing and column length on the behavior of
the composite foundation are considered. For comparison, two centrifugal modeling tests are conducted on the embankment, one involving only
soil–cement columns and the other involving only PVDs. The embankment loads are applied in four stages using a hydraulic jack mounted on top
of a strongbox. Scaled-down model columns and a kind of wool strings are used to simulate the prototype soil–cement columns and PVDs,
respectively. The load sharing ratio, deﬁned as the proportion of external loads carried by the columns, is used to evaluate the load transfer
between the columns and the surrounding soil. The test results indicate that the load sharing ratio increases with an increase in column length and
a decrease in column spacing. The ground settlement and the lateral displacement decrease with an increase in column length and a decrease in
column spacing. Finally, the use of the combined method to mitigate differential settlements at a bridge approach is discussed.
& 2015 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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Thick soft soil deposits are widely distributed in eastern
coastal regions of China with low shear strength, high water
content, and large settlement, with which arise a number of
geotechnical problems for the construction of embankments.
To enhance the properties of this type of problematic soft soil
ground, Xu and Ye et al. (2006) proposed a new ground10.1016/j.sandf.2015.09.024
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der responsibility of The Japanese Geotechnical Society.improvement method combining soil–cement columns and
prefabricated vertical drains (PVDs), and considered that
soil–cement columns can increase the bearing capacity and
reduce the total settlement of the ground, while PVDs can
accelerate the consolidation of soft soil by shortening the
drainage paths. Limited researches on composite foundations
that combine soil–cement columns and PVDs have been
conducted so far. Ye and Zhang et al. (2012) deduced an
analytical solution for calculating the consolidation process of
composite foundations under time-dependent loading by con-
sidering PVDs as cylindrical drain wells. Ye and Zhang et al.
(2013) performed ﬁnite-element analyses to evaluate the
performance of an embankment on soft soils improved by
soil–cement columns and PVDs, and the conclusions drawnElsevier B.V. All rights reserved.
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of the soft soils and reduced the post-construction settlement.
To further investigate the performance of embankments on
soft soils with soil–cement columns and PVDs, a centrifugal
modeling technique was employed in this study. Due to its
feasibility in reproducing the same stress levels in scaled-down
models as in full-scale prototypes, centrifuge model testing has
been proved to be a useful tool and is widely used nowadays to
resolve geotechnical problems (Kitazume and Maruyama,
2006, 2007; Najser et al., 2010; Hölscher and Van Tol et al.,
2012; Tamura and Higuchi et al., 2012; Sawada and
Takemura, 2014). In centrifugal modeling tests, geotechnical
structures are scaled down by scaling laws to 1/N prototype
dimensions in an acceleration ﬁeld of N times the acceleration
of gravity, g. With easy controllability and repeatability of the
centrifugal modeling tests, a detailed study of the behaviors of
a composite foundation, combining soil–cement columns and
PVDs, could be conducted with instrumentation.
A set of model tests on an embankment on a composite
foundation, combined with soil–cement columns and PVDs,
was performed in the geotechnical centrifuge TLJ-150 in Tongji
University, Shanghai. Two centrifugal modeling tests were
conducted for comparison with the same model dimensions,
but with different ground improvement methods, i.e., one with
only soil–cement columns and the other one with only PVDs.
All of the model tests were carried out with instrumentation of
miniature pore pressure transducers (MPPTs), strain gauges,
miniature earth pressure sensors (MEPSs), and differential
displacement transducers (DDTs). The measured results, such
as settlement, lateral displacement, excess pore water pressure,
and axial stress along the column shaft, are presented. The use
of the composite foundation to mitigate differential settlements
at the bridge approach is discussed.Fig. 1. (a) Cross-sectional and (b) planar views of the composite foundation.2. Description of composite foundation
The cross-sectional and planar views of the embankment over
the composite foundation, combined with soil–cement columns
and PVDs, are shown in Fig. 1. Soil–cement columns and PVDs
are usually installed in a triangular or rectangular pattern.3. Centrifuge apparatus
The centrifuge used here has a nominal radius of 3 m. The
payload of the centrifuge under its maximum acceleration of
200g can be up to 750 kg. The acceleration was taken as 80g
in this study. The strongbox employed here was a top-open
rectangular box, whose inside dimensions were 900 mm 700
mm in planar dimensions and 700 mm in height. The strong-
box was made of stainless steel plates, except for the front side
that was made of a transparent Plexiglas plate to allow the
observation of deformation during the testing. Digital images
were taken in-ﬂight by a high-deﬁnition digital camera from
the front side of the strongbox, and the images were processed
using digital image analysis technology.4. Centrifugal modeling tests
All the centrifugal test cases are listed in Table 1. Five
modeling tests of the subsoil improved by the combined
method were conducted. The factors of column length and
column spacing were taken into account. For comparison, two
modeling tests on the embankment on the ground were
designed as well, namely, one only with soil–cement columns
and the other only with PVDs. The columns and the PVDs
were arranged in an equilateral triangular pattern. The area
replacement ratio of the soil–cement column was deﬁned as
the ratio of the cross-sectional area of a single soil–cement
column to its corresponding inﬂuence zone. The scale factor
applied was 80 (corresponding to an acceleration of 80g), and
the main dimensions of the models are given in Table 2.
To easily identify the modeling tests in the following sections,
each case is referred to by the name of the case followed by a
bracket including its column length and column spacing, except
for Case PVD. For example, the modeling test of DMA isTable 1
Test cases.
Method Cases S (mm) ar (%) Lc (mm) Ld (mm)
Soil–cement columns combined
with PVDs
DMA 40.6 11.56 100 200
DMB 46.4 8.85 100 200
DMC 52.2 6.99 100 200
DMD 46.4 8.85 75 200
DME 46.4 8.85 125 200
Only columns DMP 46.4 8.85 200 /
Only PVDs PVD 46.4 / / 200
Note: S¼column spacing; ar¼area replacement ratio of soil–cement column;
Lc¼column length; Ld¼PVD length.
Table 2
Main dimensions of models.
Item Value
Thickness of ground soil (mm) 300
Thickness of sand cushion (mm) 5
Height of embankment (mm) 50
Side slope of embankment (H:V) 1.5:1
Diameter of column (mm) 14.5
G. Ye et al. / Soils and Foundations 55 (2015) 1259–1269 1261presented as DMA (100/40.6), in which 100 and 40.6 denote the
column length and the column spacing, respectively.
5. Material preparations
5.1. Model of subsoil
The soft silty clay of the third stratum and the muddy clay of
the fourth stratum in Shanghai were adopted to manufacture
the model subsoil in the following steps. The soft silty clay and
the muddy clay were mixed at a weight ratio of 2:1; the mixed
soil had a liquid limit of 32.2% and a plasticity index of
13.9%. Then, the soil was thoroughly mixed with water into
uniform slurry with a water content of 200% of its liquid limit,
and the clay slurry was de-aired for 48 h in the strongbox.
After that, the clay slurry was pre-consolidated under its self-
weight at a centrifuge acceleration of 80g for 246 min (equal to
3 years in prototype self-weight consolidation). Finally, the
model subsoil was trimmed to a thickness of 300 mm. Only the
soil properties of the model ground in Case PVD were
measured, including density 1.68 g/cm3, water content
35.5%, coefﬁcient of permeability 4 106 cm/s, and vertical
consolidation coefﬁcient 2.47 103 cm2/s.
Before pouring the soil slurry, two layers of polytetraﬂuor-
oethene (PTFE) membrane were placed in the strongbox to
minimize the friction between the subsoil and the strongbox.
One layer of PTFE membrane was attached to the internal
vertical strongbox walls, while the other layer of PTFE
membrane was allowed to move freely along with the subsoil.
In addition, four drainage pipes were installed at the four
corners of the strongbox to collect the water draining from the
soil during the centrifugal tests.5.2. Models of soil–cement column and PVDs
The model soil–cement columns (see Fig. 3) were manu-
factured using cement and subsoil with a weight ratio of 15%.
The mixture of cement and soil was then ﬁlled into a hollow
cylindrical tube with an internal diameter of 14.5 mm and
cured for 28 days. Meanwhile, six cubic blocks,
70.7 mm 70.7 mm 70.7 mm in dimensions, were manufac-
tured with the same mixture of cement and soil and cured for
28 days. Unconﬁned compression tests were performed on
these soil-cement cubic blocks to evaluate their strength and
modulus. The average unconﬁned compressive strength and
secant modulus E50 of the soil-cement blocks were 1.13 MPaand 119 MPa, respectively. The secant modulus E50 is deﬁned
as the ratio of 50% peak stress to the corresponding vertical
strain in the unconﬁned compression tests. Since the centrifuge
can reproduce the same stress levels in scaled-down models as
those in full-scale prototypes, it requires that the model soil–
cement columns have the same modulus as the prototype
columns. According to research results on the behaviors of the
cement mixed soft clayey soil of Shanghai by Fang (2008), the
unconﬁned compressive strength of soil–cement ranges from
0.3 MPa to 4 MPa. The model soil–cement columns used in
the study were valid. After the model subsoil was prepared, the
hollow cylindrical tube was penetrated into the soil. The clay
inside the tube was carefully removed and a soil–cement
column was inserted after removing the tube. This procedure
was repeated until all the model columns had been installed
into the soil.
In this centrifuge study, a kind of wool strings with a
permeability of 2.91 103 cm/s was used to simulate the
PVDs. The wool strings were inserted into the subsoil to a
depth of 200 mm with a stainless steel needle. The wool
strings were installed after the installation of the soil–cement
columns. The validity of using wool strings to simulate PVDs
was demonstrated in a preliminary test. In the preliminary test,
the embankment was constructed on soft soil improved with
only the wool strings and rotated for 246 min in an accelera-
tion ﬁeld of 80g. The foundation had reached an average
degree of consolidation of 92% by the end of preliminary test,
which was close to the computed average degree of consolida-
tion based on the method by Hart et al. (1958). The
preliminary test proved that the selected wool strings were
appropriate for simulating PVDs in this centrifuge study.
After completing the installation of the model columns and
wool strings, the centrifuge was run again at an acceleration of
80g for 30 min to dissipate the excess pore pressure and to
mitigate the gaps between the columns and the subsoil caused
by the installation of the columns. After 30 min of centrifuge
rotation, most of the excess pore pressure had dissipated, and it
was found that the columns and the soil had attached well.
Then, the manufacture of the model composite foundation was
complete.
5.3. Model of embankment
After completing the ground improvement work, the model
sand cushion made of medium sand with a thickness of 5 mm
was placed on the model foundation. A layer of high density
polyethylene (HDPE) geo-grid with grid spacing of 8 mm was
included in the sand cushion. Fig. 4 provides a planar view of
the geo-grid attached with strain gauges. The model embank-
ment ﬁll was made of ﬁne sand with a side slope of 1.5H:1V.
6. Loading procedure
In practice, embankments are commonly constructed on
stages. To simulate the stage construction in the centrifugal
tests, the following procedure was carried out and the loads
were applied as a stress-controlled process using a hydraulic
Fig. 2. Photograph of modeling test.
Fig. 3. Model soil–cement columns.
Strain Gauge Extension  
Wire to Data Logger
Fig. 4. Planar view of geo-grid attached with strain gauges.
Fig. 5. Loading process.
Fig. 6. Layout of instrumentation.
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cushion, including the geo-grid reinforcement layer and the
embankment ﬁll, were placed on the composite foundation as
the ﬁrst stage loads. After that, the strongbox was installed to
the centrifuge to run in an acceleration ﬁeld of 80g for 20 min.Then, the centrifuge was paused, and a loading plate with the
same cross-sectional area of the embankment crest was put onto
the embankment ﬁll as the second stage loads. The centrifuge
was run again under an acceleration ﬁeld of 80g for 20 min. The
third and fourth stage loads were applied in-ﬂight using the
hydraulic jack. The hydraulic jack was mounted at the top of the
strongbox, and a load cell was connected to the hydraulic jack to
record the values of loading. The loading plate was rigid enough
so that the concentrated loads applied through the hydraulic jack
could be distributed uniformly onto the embankment. The
waiting time for both the third and fourth stage loads was
20 min. After applying all the stage loads, the centrifuge was
kept running for 246 min at an acceleration ﬁeld of 80g. The
whole loading process is shown in Fig. 5.
7. Instrumentation
To investigate the behaviors of the embankment on soft soil,
improved by soil–cement columns and PVDs, miniature pore
G. Ye et al. / Soils and Foundations 55 (2015) 1259–1269 1263pressure transducers (MPPTs), strain gauges, miniature earth
pressure sensors (MEPSs), and differential displacement trans-
ducers (DDTs) were utilized. As shown in Fig. 6, DDTs with a
measurement range of 50 mm and a sensitivity of 0.02 mm
were installed to monitor the settlement at different locations at
the embankment base. MPPTs were installed along the center-
line of the embankment at different depths of 50 mm, 150 mm,
and 250 mm to record the development of pore water pressure.
The strain gauges were glued onto the columns to measure the
axial stress along the column shaft. The strain gauges were
protected by a thin layer of sealant. The layer of HDPE geo-
grid was also instrumented with strain gauges to measure the
strain along the geo-grid reinforcement. However, due to a
malfunction of the strain gauges while testing the strain of the
geo-grid, they were not included in this paper. The MEPSs
were installed at the column head and the bottom and on the
surrounding soil.
A load cell was set between the hydraulic jack and the
loading plate to measure loads applied through the hydraulic
jack, as shown in Fig. 2. A high-deﬁnition digital camera was
installed in front of the transparent Plexiglas plate to record the
deformation of the foundation during centrifugal testing.Fig. 7. Variation of load sharing ratio with (a) column length; (b) column
spacing.8. Test results and analyses
8.1. Load transfer
The columns have a greater modulus than the subsoil, resulting
in a difference in settlement between the columns and the subsoil.
The difference in settlement between the columns and the subsoil
is partially restrained by the shear stress within the embankment
ﬁll. The shear stress transfers the embankment loads taken by the
soil to the columns. The load transfer mechanism was termed the
“soil arching effect” by Terzaghi (1943). The degree of soil arching
can be assesed using the load sharing ratio, which is deﬁned as the
proportion of embankment weight and surcharge carried by the
columns. The expression of the load sharing ratio is presented as
Eq. (1).
Load sharing ratio
p a
A H q
100%
1
col
0γ
=
( + )
×
( )
where pcol¼pressure on the column head, which was
measured using miniature earth pressure sensors (MEPSs)
in this study, a¼cross-sectional area of the columns,
A¼ inﬂuence area of the columns, γ¼unit weight of the
embankment ﬁll, H¼height of the embankment ﬁll, and
q0¼uniform surcharge on the embankment.
Fig. 7(a, b) presents the variation in load sharing ratios with
column length and column spacing. For Cases DMA, DMB,
DMC, DMD, DME, and DMP, the load sharing ratios obtained
from Eq. (1) are 23.1%, 23.1%, 21.0%, 21.4%, 28.5%, and
31.3%, respectively. Fig. 7(a) indicates that the load sharing
ratio is signiﬁcantly increased with an increase in column
length. The increase trend can be explained by the difference
in settlement between the column head and the surroundingsoil surface. Larger column length promotes a larger difference
in settlement. Using the soil arching theory by Terzaghi
(1943), more loads are transferred to the columns by increasing
the settlement difference. There is a larger increase in the load
sharing ratio from Case DMB to Case DME, which means that
a column length ranging from 100 mm to125 mm is more
effective for the soil–cement columns to take overloads.
As presented in Fig. 7(b), the load sharing ratio increases
slightly with a decrease in column spacing from Case DMC to
Case DMB, and Cases DMA and DMB have the same load
sharing ratio. Reducing the column spacing is beneﬁcial to
developing soil arching; and thus, more overloads are trans-
ferred from the soil to the columns and the load sharing ratio is
increased. However, it is useless to further reduce the column
spacing when it is less than 46.4 mm, i.e., there exists optimum
column spacing in view of load sharing.8.2. Ground settlement
The settlements at the center of the embankment base, under
the shoulder of the embankment and at the embankment toe,
Fig. 8. Settlements (a) at embankment base centerline; (b) under embankment
shoulder; (c) at embankment toe.
Fig. 9. Settlements (a) at embankment base centerline; (b) under embankment
shoulder; (c) at embankment toe.
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(DDTs), as shown in Fig. 6. The settlements in Case DMD
under the embankment shoulder and at the embankment toe are
not available due to a malfunction with the DDTs. Fig. 8(a–c)
and Fig. 9(a–c) show the increase in settlement at the ground
surface with time. During the process of each loading stage,
there is a signiﬁcant increase in settlement followed by a
gradual increase as a result of consolidation for all thesettlement curves. The ﬁnal settlements in Table 4 are
predicted using the hyperbolic method (Tan, 1995; Lin and
Wong, 1999) assuming that the settlement rate decreases
hyperbolically with time. The settlement curves during the
consolidation period can be represented by Eq. (2), and the
ﬁnal settlement is the reciprocal of α. Comparing the results in
Table 3
Settlements at the end of testing (mm).
Cases At base centerline Under shoulder At toe Differential settlement
DMA(100/40.6) 9.38 8.66 8.25 1.13
DMB(100/46.4) 12.42 12.30 9.50 2.92
DMC(100/52.2) 14.60 12.80 11.45 3.15
DMD(75/46.4) 18.00 / / /
DME(125/46.4) 9.50 8.34 7.80 1.70
DMP(200/46.4) 7.77 5.10 4.72 3.05
PVD 19.16 16.63 12.72 6.44
Table 4
Prediction of ﬁnal settlements (mm).
Cases At base centerline Under shoulder At toe
DMA(100/40.6) 9.59 8.88 8.35
DMB(100/46.4) 12.59 12.66 9.78
DMC(100/52.2) 14.90 13.09 11.68
DMD(75/46.4) 18.15 / /
DME(125/46.4) 9.80 8.55 7.88
DMP(200/46.4) 7.98 5.34 4.86
PVD 19.49 17.01 13.02
Fig. 10. Lateral displacements varying with (a) column length; (b) column
spacing.
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consolidation at the end of testing are more than 95% for all
cases.
t t
S S
t t
2t
0
0
0α β
−
−
= ( − ) + ( )
where
S
1α =
∞
and
S
β = α
∞
are the gradient and the
intersection of the straight line between t t0( − ) and t t
S St
0
0
( − )
( − )
,
respectively.
The settlements at the end of testing at the embankment
center are reduced by 50.5%, 35.2%, 23.9%, 6.3%, 50.4%, and
59.5% for Cases DMA, DMB, DMC, DMD, DME, and DMP,
respectively, compared to Case PVD. Thus, the stress con-
centration on the soil–cement columns contributes to the
transmission of overloads to a greater depth and to reducing
the ground settlements.
The measured settlements and the predicted ﬁnal settlements
increase as the column spacing is increased and decrease as the
column length is increased. As the column length is increased,
more overloads are transferred from the soil to the columns
and transmitted to deep soil, and the thickness of the soft soil
underneath the columns decreases, which results in less ground
settlement. With a decrease in column spacing, more columns
are installed into the ground and take more overloads; and
thus, ground settlement is reduced.
The differential settlement presented in Table 3 means the
settlement between the center of the embankment base and the
embankment toe. By comparing the differential settlements for
cases with columns to Case PVD, it can be seen that the
inclusion of soil–cement columns reduces the differential
settlement between the embankment base center and the
embankment toe. The differential settlement between theembankment base centerline and the toe increases as the
column spacing increases, while the inﬂuence of the column
length on the differential settlement is indistinctive.8.3. Lateral displacement
The lateral displacements below the embankment toe were
obtained by digitizing the images. For Cases DMA, DMB,
DMC, DMD, DME, and DMP, the soil–cement columns
transmit overloads to deep soil; thus, the subsoil takes fewer
Table 5
Values of excess pore water pressure.
Cases um (kPa) at depth z (mm) ur (kPa) at depth z (mm)
50 150 250 50 150 250
DMA(100/40.6) 39 / 73 5 / 6
DMB(100/46.4) 30 130 95 8 6 6
DMC(100/52.2) 38 / 92 3 / 7
DMD(75/46.4) / 95 85 / 5 5
DME(125/46.4) 13 / / 2 / /
DMP(200/46.4) 18 45 120 7 8 6
PVD 94 120 83 5 7 2
Note: um¼maximum excess pore pressure; ur¼ remaining excess pore
pressure.
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to Case PVD, as shown in Fig. 10. As discussed in the
previous section, the soil–cement columns share more over-
loads by increasing the column length, resulting in fewer
lateral displacements, as shown in Fig. 10(a). It can also be
seen from Fig. 10(a) that the location of the maximum lateral
displacement moves downward as the column length increases.
This means that increasing the column length can improve the
stability of the embankment on the composite foundation.
As shown in Fig. 10(b), the lateral displacement increases as
the column spacing increases. Cases DMA and DMB have
close lateral displacements, which could be accredited to the
same load sharing ratio. The maximum lateral displacement
occurs at almost the same depth for Cases DMA, DMB, and
DMC; thus, the column spacing has little inﬂuence on the
location of the maximum lateral displacement.Fig. 11. Excess pore water pressures at depths of (a) 50 mm; (b) 150 mm;
(c) 250 mm.8.4. Excess pore water pressure
The pore water pressure is monitored by miniature pore
pressure transducers (MPPTs), and the layout pattern for the
MPPTs is shown in Fig. 6. Table 5 lists the maximum excess
pore pressure and the remaining excess pore pressure at the
end of testing for all cases. Some results of the excess pore
pressure are unavailable due to a malfunction of the MPPTs.
To better present the variation in excess pore water pressure
caused by overloading, only the excess pore pressure for Cases
PVD, DMB, and DMP from the time that the centrifuge
rotated to the designated speed to 8000 s are shown in Fig. 11
(a–c). The common evolution tendency for excess pore
pressure is that there exists an immediate increase in excess
pore pressure at the beginning of each stage loading followed
by a gradual dissipation.
As shown in Fig. 11(a), at a depth of 50 mm, the excess pore
water pressure of Cases DMB and DMP is lower than that of
Case PVD. The soil–cement columns transmit overloads to
deep soil; thus, less excess pore pressure is raised in the
shallow soil for Cases DMB and DMP compared to Case
PVD. The load sharing ratios are 23.1% and 31.3% for Cases
DMB and DMP, respectively, as discussed in the previous
section. Thus, Case DMP transmits more overloads to deepsoil and raises less excess pore pressure at a depth of 50 mm
than Case DMB. The soil at a depth of 150 mm suffers loads
transmitted from the columns in Case DMB with a column
length of 100 mm. Thus, Case DMB raises more excess pore
pressure than Cases DMP and PVD at this depth, as shown in
Fig. 12. Axial stress along column shaft.
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suffers loads transmitted from the upper columns in Case DMP
with a column length of 200 mm, and there is more excess
pore pressure raised in Case DMP than in Cases DMB and
PVD at a depth of 250 mm, as presented in Fig. 11(c). The
average degrees of consolidation are about 95.5%, 86.9%, and
79.4% for Cases PVD, DMB, and DMP, respectively, at the
end of testing.
For Cases DMA, DMB, and DMC, the PVD spacing is
40.6 mm, 46.4 mm and 52.2 mm, respectively, as determined
by the column spacing. Their values of excess pore pressure
are close, as shown in Table 5, and the degrees of consolida-
tion at a depth of 250 mm are about 91.8%, 93.7%, and 92.4%
at the end of testing for Cases DMA, DMB, and DMC,
respectively. The PVDs accelerate the consolidation of deep
soil, while the column spacing and the PVD spacing have little
inﬂuence on the excess pore pressure. The load sharing ratios
are 23.1% and 21.4% for Cases DMB and DMD, respectively.
Thus, Case DMD transmits fewer loads to deep soil than Case
DMB, and it has less excess pore pressure raised at a depth of
150 mm. Generally, in the combined method of soil–cement
columns and PVDs, the soil–cement columns transmit over-
loads to deep soil and raise more excess pore pressure in deep
soil, and the PVDs accelerate the consolidation of deep soil.
Although the excess pore pressure did not reach zero at the
end of testing, as shown in Table 5, the remaining excess pore
pressure is insigniﬁcant compared with the maximum excess
pore pressure caused by overloading. The tests modeled only
three years of consolidation after the completion of over-
loading, which may be one of the reasons why the excess pore
pressure did not reach zero at the end of testing. Another
reason may be the reduction in permeability of the subsoil
which occurs while consolidation is being conducted. The
coefﬁcient of permeability of the subsoil for Case PVD is
4.0 106 cm/s after self-weight pre-consolidation, while the
coefﬁcients of permeability for Cases PVD, DMB, and DMP at
the end of testing are 6.5 107 cm/s, 6.6 107 cm/s, and
8.3 107 cm/s, respectively. Weber et al. (2006) conducted
the centrifuge modeling of sand compaction pile installation,
showing that small excess pore pressure remained in the clay
for a long period after a quick dissipation of high excess pore
pressure.
8.5. Axial stress along column shaft
Case DMB is taken as an example for studying the axial
stress along the soil–cement column. As shown in Fig. 6, a set
of strain gauges were glued at depths of 30 mm, 60 mm, and
90 mm along the column shaft, and MEPSs were placed at
both the top and the bottom of the columns.
As shown in Fig. 12, the axial stress ﬁrstly increases and
then decreases with the depth of the column shaft; the
maximum axial stress occurs at a depth of 30 mm, about
twice the column diameter. Above the location of the max-
imum axial stress, the surrounding soft soil settles more than
the columns and produces downward shear stress at the
column–soil interface; and thus, the axial stress along thecolumn shaft increases with depth. Below the maximum axial
stress location, the soft soil settles less than the columns
causing upward shear stress at the column–soil interface; and
thus, the axial stress along the column shaft decreases with
depth.
The axial stress along the column shaft increases with
embankment loading, which has been validated by previous
research results for friction piles (Comodromos and Bareka,
2005; Lam et al., 2009). The axial stress along the column
shaft under a constant load of 108 kPa has a reducing trend
from time 4100 s to 18,300 s. This is accredited to a stress
transfer at the column–soil interface from the columns to the
soil as consolidation was carried out. In general, the soil–
cement columns can efﬁciently share overloads and transmit
loads to deep soil.9. Discussions
One purpose of this ground improvement technique is to
mitigate the differential settlements between the bridge
approach embankment and the bridge abutment. Lin and
Wong (1999) researched soil–cement columns with varying
lengths for reducing the differential settlements at a bridge
approach along a certain expressway. Both factors of column
spacing and column length were considered in their study. The
ﬁnal settlements in Table 4 were multiplied by the scale factor
of 80 into the prototype scale, as shown in Fig. 13. In addition,
the column length and the column spacing, presented in
brackets in Fig. 13, were converted into the prototype scale
using the same method. As the column length was increased
from 6 m to 10 m, the ﬁnal settlement gradually decreased
from 1.45 m to 0.78 m. The ﬁnal settlement increased from
0.77 m to 1.19 m when the column spacing was increased from
3.25 m to 4.18 m. The ground settlements depended on the
column length and the column spacing. Approaching the
bridge, an increasing column length and a decreasing column
spacing can result in smaller ground settlements. Thus, by
using the combined method, a gradual variation in settlement
((
(
(
(
Fig. 13. Final settlements varying with (a) column length; (b) column spacing.
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achieved.
The inclusion of PVDs can accelerate the consolidation of
soft soil and enable the construction of embankments to design
height in a short period of time. Thus, the combined method of
soil–cement columns and PVDs can yield acceptable differ-
ential settlements at the bridge approach and quick construc-
tion of embankments. The model tests were not performed in
relation to any particular engineering projects in this study.
The practical application of soil–cement columns combined
with PVDs at bridge approaches is expected to be studied in
further detail in the near future.
10. Conclusions
A series of centrifuge modeling tests was conducted to
investigate the performance of an embankment on a composite
foundation combined with soil–cement columns and PVDs, and
two model tests with only soil–cement columns and only PVDs
were conducted for comparison. The effects of the column length
and the column spacing were considered. The adopted centrifugal
acceleration was 80g. The overloads were applied in four stagesusing a hydraulic jack. The performance of the embankment on the
composite foundation was monitored and analyzed. Based on the
test results, the following conclusions can be drawn:
1) The load sharing ratio is signiﬁcantly increased by an
increase in column length, and it is slightly decreased by an
increase in column spacing. Increasing the column length
causes a larger difference in settlement between the column
head and the surrounding soil surface. The larger difference
in settlement is beneﬁcial to developing soil arching in the
embankment ﬁll and load transfer from the soil to the
columns.
2) The soil–cement columns transmit overloads to deep soil
and reduce ground settlement. The settlement decreases as
the column length is increased, since longer columns take
more overloads and reduce the thickness of the soft soil
underneath the columns. The ground settlement and the
differential settlement between the embankment base center
and the toe increase as the column spacing is increased.
3) Increasing the column length, the lateral displacement of the
soil decreases, and the location of the maximum lateral
displacement moves downward. It can be implied that the
stability of the embankment is improved when the column
length is increased. The lateral displacement increases as
the column spacing is increased. The column spacing has
little inﬂuence on the location of the maximum lateral
displacement.
4) In the combined method of soil–cement columns and
PVDs, the soil–cement columns transmit overloads to deep
soil and raise more excess pore pressure in deep soil, and
the PVDs can accelerate the consolidation of deep soil.
Column spacing and PVD spacing have little inﬂuence on
the excess pore water pressure.
5) The axial stress along the column shaft ﬁrstly increases and
then decreases, and the maximum axial stress occurs at
about twice the column diameter. The axial stress increases
during the loading period, and slightly decreases during the
consolidation period due to the stress transfer from the
columns to the soil.Acknowledgments
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